Bright harmonic generation in a long Ne gas jet achieved using self-guided and chirped femtosecond laser pulses has been analysed. Three-dimensional modelling was performed to look into the details of laser pulse propagation, harmonic generation and attosecond pulse characteristics. The theoretical analysis and the comparison to the experimental results showed emitted harmonics form a bright attosecond pulse train with good synchronization in time. In the space domain the synchronization is especially good in the self-guided region.
Introduction
High-order harmonics are generated through a coherent interaction between intense femtosecond laser pulses and gaseous media. High-order harmonic generation has been employed as a method of producing attosecond pulses in the soft x-ray region by using two techniques. Firstly, single attosecond pulse generation can be obtained using few cycle laser pulses, and secondly an attosecond pulse train can be formed by combining several harmonics [1] [2] [3] [4] [5] [6] [7] . In the first case, a single attosecond burst of 250, as was demonstrated by selecting the harmonic radiation, emitted only at the peak of a few cycle laser pulse [2] . In the second case, an attosecond pulse train was observed by selecting several harmonics in the plateau region [4] [5] [6] . Due to these demonstrations of attosecond pulses from high-order harmonics, new measurement tools with attosecond time resolution have become available to ultrafast spectroscopy [8, 9] .
When attosecond pulses are generated by combining a range of harmonics, synchronization of emitted harmonics is crucial in optimizing the pulse duration [5] . A recent report has shown that harmonics in the plateau region are frequency chirped, while harmonics in the cut-off are phase locked [6] . However, the generation efficiency of harmonics in the cut-off region rapidly decreases with harmonic order, producing only weak attosecond pulses. In addition, attosecond pulses from high-order harmonics can be chirped in space due to a nonuniform spatial profile of driving laser pulses [10] . This spatial chirp of high harmonics can distort the attosecond pulse formation, elongating the effective duration. Hence, investigations should be performed on the method to achieve synchronized generation of bright harmonics both in space and time. In this paper, we presented detailed investigations of the temporal structure of bright harmonics from a long Ne gas jet obtained with self-guided and chirped femtosecond laser pulses, including our earlier works for clarity. We show that bright harmonics are contributed mainly from the cut-off region and are synchronized in the time and space domains, leading to the formation of a bright attosecond pulse train. This paper is organized as follows: experimental results on harmonic generation using self-guided and chirped laser pulses are presented in section 2. The results on our theoretical analysis of the laser propagation and harmonic generation are described in section 3, while attosecond pulse formation under synchronized harmonic generation is presented in section 4. The conclusion is given in section 5.
Bright harmonic generation using self-guided and chirped laser pulses
High-order harmonic generation is intrinsically related to the ionization of gaseous medium. Good phase matching needed for strong harmonic generation can be achieved in a partially ionized medium. The ionization effects should thus be analysed and controlled so as to obtain bright harmonics. In a gaseous medium, the ionization by intense femtosecond laser pulses causes spatio-temporal modification of refractive index of the medium, which results in plasma defocusing [11] and self-phase modulation (SPM) in laser pulse propagation [12, 13] . These two effects can substantially modify the pulse characteristics and disturb harmonic generation. Recently, we reported bright harmonic generation using self-guided and chirped laser pulses, which can compensate for the ionization effects on high harmonic generation [14] . Here, we briefly summarize the bright harmonic generation using self-guided and chirped laser pulses.
Self-guided laser pulse propagation may occur when a converging laser beam compensates for the plasma defocusing. When a gas medium is placed before the laser focus, the central part of laser beam is refracted outwards due to higher electron concentration at the centre, whereas the less-affected outer beam still converges. This redistributes the laser beam spatially so that a flattened profile is formed in the central region. The electron density profile follows the intensity profile, being flattened in the central region and dropping rapidly at the boundary. This forms a flattened refractive index profile with a sharp increase at the boundary, constituting a wave-guide in which the laser beam is self-guided. Since the nonlinear refractive index of Ne is negligible in this range of intensities, the usual self-guiding due to a balance between selffocusing and plasma defocusing does not occur. However, the experimental measurements and theoretical analysis show that a self-guided laser propagation with a flattened profile can be achieved for a short distance (about one Rayleigh length) by balancing the plasma defocusing with the beam convergence. The profile flattening and self-guiding of intense laser pulse can enhance the effective harmonic generation volume, thereby significantly increasing the harmonic generation efficiency.
We first investigated the conditions for self-guided propagation of an intense femtosecond laser pulse through a long gas medium. Laser pulses of negatively chirped 42 fs duration (chirp free pulse duration of 27 fs) of 5 mJ energy were focused using a spherical mirror (f = 1.2 m) onto a 9 mm long neon gas jet of 40 Torr density. Visible plasma images from the transverse direction and laser beam profiles after the medium were recorded by charge-coupled device (CCD) detectors to investigate laser propagation as shown in figure 1 . In order to obtain a near field image of the laser profile, we installed two glass plates and two lenses for reducing laser intensity and image relay to CCD, respectively. By reflecting the laser pulse on the surface of the glass plates, we reduced the laser intensity without any nonlinear effect, and one neutral density filter was added before the CCD to avoid CCD saturation. The visible plasma image changed drastically with gas jet positions. At the gas jet position of laser focus (z = 0), the plasma image was bright only for the first 2 mm of the medium as shown in figure 2(a). As the gas jet was moved in the converging part of the laser beam, the bright part of plasma image was extended and a nearly uniform plasma image (figure 2(b)) over the entire gas jet was formed at z = −18 mm (minus sign indicates the gas jet position before the laser focus). At z = 0, the laser intensity was severely distorted and weakened after the propagation. On the other hand, at z = −18 mm, the laser beam formed a flattened intensity profile with a radius of 60 µm. It is, thus, clear that a proper selection of the gas jet position is crucial for the profile flattening and self-guiding of laser pulses.
We then investigated the high-order harmonic generation in a long Ne gas jet using a flat-field soft x-ray spectrometer as shown in figure 1. Since the self-guiding condition of the laser pulse strongly depended on the gas jet position, a dramatic increase of harmonic signal was observed as moving away from the gas jet, as shown in figure 3(a) . The 61st harmonic at 134Å was the strongest among observed harmonics and at the gas jet position of z = −18 mm its spectral brightness was two orders of magnitude larger than that obtained at z = 0. At the optimum condition, the 61st harmonic was strong enough to saturate the x-ray CCD in a single shot of 5 mJ laser pulse. The measured divergence of the 61st harmonic was as small as 0.5 mrad (FWHM).
In the experiments, we used negatively chirped pulses to control SPM effects on highorder harmonic generation. With self-guided laser propagation, we attempt to control harmonic spectrum by adjusting the laser chirp. Even though the arrangement of the gas jet at 18 mm before the laser focus optimized the harmonic generation in the space domain, the harmonic spectrum can be broadened by the frequency chirp of harmonics. Figure 3 (b) shows the chirp dependence of harmonic spectra with the Ne gas jet at z = −18 mm. The negatively chirped (NC) 42 fs pulse generated the sharpest and brightest harmonics while the positively chirped (PC) 41 fs pulse produced a quasi-continuous harmonic spectrum. In the case of a rapidly ionizing high-density medium, the harmonic chirp is dominated by the SPM-induced positive chirp in the leading edge of the laser pulse. As a result, an NC laser pulse can compensate the SPM-induced positive chirp and generate sharp and bright harmonics. With the NC 42 fs pulse, the bandwidth of the 61st harmonic was 0.7Å and the spectral brightness was enhanced four times over that obtained from a chirp-free 27 fs pulse. Consequently, we achieved simultaneous optimization of bright harmonic generation in space and time using the self-guided and chirped femtosecond laser pulses to have low beam divergence and narrow bandwidth.
Theoretical analysis on the bright harmonic generation
To investigate the details of bright harmonic generation using self-guided and chirped laser pulses, we performed a theoretical analysis using a nonadiabatic three-dimensional (3D) model for the propagation of both driving laser pulse and generated harmonic field [15, 16] . The propagation of driving laser pulse is calculated by 3D wave equation with paraxial approximation including effects of dispersion, absorption, nonlinear refractive index and ionization. For the harmonic field calculation, the single atom response was obtained using strong field approximation [17] and 3D propagation was calculated with the source term from the single atom response. All parameters used in calculations followed closely the conditions of the experiment as described in section 2. The details of our nonadiabatic 3D modelling are described in [15] , and thus will not be repeated here.
The results of our model calculation, concerning both the driving pulse propagation and harmonic generation, are in good agreement with the experimental results in section 2. This agreement provides the basis for understanding the underlying physics of bright harmonic generation using self-guided and chirped laser pulses. The harmonic spectra are very sensitive to initial laser chirp as shown in figure 3(b) . Hence, we calculated laser field propagation with NC and PC 42 fs laser pulses of the same chirp value of 8 × 10
. Figure 4 shows the temporal profiles and the instantaneous frequencies for NC and PC pulses after propagating through 9 mm Ne medium. For both cases, the laser profile was shortened from 42 fs to 30 fs and the pulse peak was shifted to an earlier time (around seven optical cycles) mainly due to plasma defocusing that weakened the trailing part. In our calculation results, the spatial distribution and temporal profile of laser pulses after propagating for NC and PC pulses were very similar because the chirp only had a very small influence on the ionization dynamics. The instantaneous frequency of laser pulses, as shown in figure 4 , illustrates the SPM induced by the ionizing medium. The refractive index of the gas medium rapidly decreases as the ionization fraction increases in the leading edge of laser pulses, which induces a positive chirp on the laser pulse. For the PC case, the instantaneous frequency rapidly increases in the leading edge as the SPM-induced chirp adds to the initial positive chirp. Even the NC pulse exhibits a positive chirp in the leading edge of the pulse, but smaller than for the PC case, because in this case the SPM and initial chirp have opposite signs. These different spectral characteristics of laser pulses for NC and PC pulses lead to different conditions for the dipole emission and, subsequently, for harmonic generation.
To investigate the chirp effects on harmonic generation, we obtained the time-frequency distribution, using the short time Fourier transform (STFT) method [18] , for dipole distribution from single atom and generated harmonics after propagation. Figure 5 shows STFT distributions at the end of the medium and on axis for the PC and NC cases. For the NC case, the STFT distributions are well confined in frequency for both dipole radiation and generated harmonic fields, while the distributions of the PC case are spread in frequency. These spectral characteristics of harmonic generation agree well with the experimental results of figure 3(b) . This means that the initial NC pulses made optimal conditions for generating spectrally sharp harmonics by balancing the small positive chirp gained during propagation and the intrinsic negative chirp of the harmonic generation process.
It is well known that two harmonic components from long and short electron trajectories produce a given harmonic in the plateau region [19] . In the time-frequency distribution in figure 5, these two trajectories are plotted as symbols and can be identified by taking into account that the intrinsic negative chirp of long trajectory is larger than that of short trajectory [20] . The harmonic field and dipole distributions do not completely overlap because only specific trajectories are selected from dipole distribution as a result of harmonic field propagation. For both PC and NC cases, a maximum intensity of generated harmonics is mainly distributed around the confluence between the long and short trajectories. In detail, long trajectories are more dominant at an earlier time of t < −6 and short trajectories are dominant at a later time of t > −4 (see the contour line of 10). This indicates that the trajectories around the cut-off trajectory survive during propagation, which can provide favourable conditions for synchronized generation of harmonics.
Synchronization of the bright harmonics in time and space
In the process of attosecond pulse formation from high-order harmonics, the synchronization of generated harmonics is an important problem. Mairesse et al [6] reported that the harmonics generated in the cut-off region are well synchronized in time but the generation efficiency quickly decreased as the harmonic order increased. As seen in section 3, the bright harmonics obtained using self-guided and chirped laser pulses were mainly generated near the cut-off region. As we show below, the flattened laser profile can provide synchronization of harmonics in space, which cannot be achieved by a Gaussian-like laser beam [10] . Hence, we analysed the synchronization of the bright harmonics using Fourier transform and STFT method to investigate the temporal structures of the harmonics. To gain resolution in the time domain we recalculate the STFT distribution with a narrow (0.125 optical cycle) time window. From the distribution, we obtained the time for peak signal for harmonics from 55th to 65th as shown in figure 6 (symbols) for both PC (a) and NC (b) pulses. We estimated each harmonic emission time with respect to the maximum of laser electric field, occurring just before electron tunnelling, in a reference frame moving at light speed. For the timing reference, the propagation of a chirp-free laser pulse without distortion was assumed, fixing the optical period as constant over the laser pulse. In both PC and NC cases we observed an inversion of the emission time as one goes from earlier to later times. In particular, at the earlier time H65 is emitted first and H55 last, while at later times this order is gradually reversed. This result can be understood using electron classical dynamics in the high harmonic generation process. During each half cycle, harmonics are emitted twice, corresponding to a short and a long trajectory of the electron. For the long trajectory, higher order harmonics are emitted earlier than lower order ones. The opposite happens for harmonics from the short trajectory. For t −4.5 (optical cycle), higher order harmonics are generated earlier than the lower orders, indicating that harmonics are generated by long trajectories in this time interval. For t > −4.5, the harmonic-emission times are reversed; thus, the same harmonics are now generated by the short trajectory. In the time range around −4.5, on the other hand, the generated harmonics are well synchronized in time, which mean the cut-off trajectory is mainly generated at this time.
The chirp of driving laser field affected the emission time of harmonic burst. At earlier times such as t < −4, the positive chirp of PC pulses is larger than that of NC pulses, as shown in figure 4 . Due to the larger positive chirp of PC pulses in the leading edge, the electron paths were shortened. This is why harmonic burst is produced at about 1990 as for the PC pulse and 2250 as for the NC one. At later times, the chirp of PC pulse is decreased and becomes similar to that of NC pulse at around t = −2. The bursting time of harmonics, hence, also gets closer after t = −4 for the two cases. However, the degree of synchronization is very similar for PC and NC pulses. It shows that the degree of synchronization is not sensitive to the chirp of laser pulses, while the harmonic bursting time depends on the instantaneous frequency of laser pulses. The degree of synchronization is related to the trajectory selection during propagation, which was similar for both PC and NC pulses as shown in figure 5 .
The sum of STFT distributions of the harmonics from H55 to H65 is shown by solid lines in figure 6 . The emission of total harmonic field shows a train of attosecond pulses. The brightest burst appeared at around t = −5 for the NC case and t = −5.5 for the PC case. The brightest burst is in the long trajectory region, where higher orders are emitted first. This is in agreement with the data in figure 5 , which also shows the selection of long trajectories at times t < −4.5. Even the brightest bursts are in the long trajectory region; the harmonics are well synchronized with 100 as at the time of the burst because these long trajectories are in fact very close to the cut-off trajectory. Consequently, the phase-matched harmonic generation near the cut-off trajectory provided bright harmonic burst with good synchronization of harmonics in time.
Harmonics generated by self-guided and profile-flattened laser pulses can provide good synchronization of emission in time as well as in space. For the Gaussian-like pulses, the intensity variation in radial direction can disturb the synchronization of harmonics in the radial direction [10] . Hence, the emission of attosecond pulses from harmonics can be broadened in time. We can avoid this problem using profile-flattened laser pulses. To investigate the synchronization in space for harmonics from profile-flattened laser pulses, we reconstruct an attosecond pulse train using an inverse Fourier transform of calculated harmonic fields filtered from 54 ω 0 to 66 ω 0 . We concentrated on the bright peak near t = −5 and found the generation time of the burst at the end of the medium and for different points in the radial direction. Figure 7 shows the emission time in the radial direction for the harmonic burst near t = −5. The harmonic burst from the PC pulse appears at earlier time than that from the NC pulse as shown in figure 6 and described above. The emission time is well synchronized in the radial direction up to r = 45 µm because the profile flattening of laser pulses provides uniform intensity distribution as shown in figure 2(b) . Since long trajectories mainly contribute to harmonic emission at t = −5, the harmonic emission time moves to earlier time with decreasing intensity over r = 45 µm. This can be understood by considering a classical trajectory analysis: recombination time of long trajectories becomes shorter as decreasing laser intensity.
The pulse duration of the harmonic burst was within 250 as when the harmonic field is integrated up to r = 35 µm. The harmonic pulse was broadened in the region outside r = 35 µm because the laser field configuration in space and laser pulse characteristics in frequency are no more homogeneous. In spite of the discrepancy between the synchronized region and the preserving pulse duration region, we can obtain the large cross section of well synchronized region within r < 35 µm. Hence, we can achieve well synchronized harmonic generation in time and space using self-guided and chirped laser pulses.
Conclusion
We presented experimental results on bright high-order harmonic generation using selfguided and chirped laser pulses and a theoretical analysis of the involved processes.
The time-frequency analysis of the single atom response and of the generated harmonics after propagation shows that the cut-off and nearby cut-off trajectories are selected during propagation. The selection of trajectories provides favourable conditions for the synchronization of harmonics in time. We investigated the detailed temporal structures of generated harmonics by using the STFT method with narrow temporal window, which revealed the emission time for each harmonic. The generation time was well synchronized, when the brightest harmonic burst occurred. We compared the temporal characteristics of harmonics from PC and NC pulses, and showed the difference in emission time and similarity in degree of synchronization. This shows the effects of the instantaneous frequency on the formation of an attosecond pulse train.
The profile flattening of laser pulses during self-guided laser propagation led to the synchronized generation of harmonics in the radial direction. We obtained well synchronized harmonics within r < 35 µm. The harmonics from an outer part have larger divergence than those near the axis, as shown in [15] . Therefore, we can easily select the synchronized harmonic burst by selecting the harmonic emission within r = 35 µm by using a suitable aperture. Consequently, our experimental and simulation results provide a method to produce a bright attosecond pulse train using self-guided and chirped laser pulses.
